Background: An estimated 1.2 million people in the US have an acute myocardial infarction (AMI) each year. An estimated 7% of AMI hospitalizations result in death. Most patients experiencing acute coronary symptoms, such as unstable angina, visit an emergency department (ED). Some patients hospitalized with AMI after a treatand-release ED visit likely represent missed opportunities for correct diagnosis and treatment. The purpose of the present study is to estimate the frequency of missed AMI or its precursors in the ED by examining use of EDs prior to hospitalization for AMI. Methods: We estimated the rate of probable missed diagnoses in EDs in the week before hospitalization for AMI and examined associated factors. We used Healthcare Cost and Utilization Project State Inpatient Databases and State Emergency Department Databases for 2007 to evaluate missed diagnoses in 111,973 admitted patients aged 18 years and older. Results: We identified missed diagnoses in the ED for 993 of 112,000 patients (0.9% of all AMI admissions). These patients had visited an ED with chest pain or cardiac conditions, were released, and were subsequently admitted for AMI within 7 days. Higher odds of having missed diagnoses were associated with being younger and of Black
Introduction
An estimated 1.2 million people in the US have an acute myocardial infarction (AMI) each year [1] . In 2009, inpatient hospital costs for AMI were nearly 12 billion dollars [2] . Although overall AMI mortality rates are declining [3] , about 7% of all AMI hospitalizations in 2007 resulted in death [1, 4] .
Most patients experiencing an acute coronary syndrome (ACS) (i.e., AMI or a precursor such as unstable angina) come through an emergency department (ED). EDs commonly evaluate patients presenting with chest pain and other symptoms suggestive of ACS with electrocardiograms and biochemical diagnostic tests. After evaluation, patients considered at high risk of AMI are hospitalized or held for observation until an AMI can be diagnosed or excluded, and patients considered at low risk are released with outpatient follow-up.
The decision to hospitalize or release is not always clear. Previous studies have estimated that 2% to 8% of patients with AMI are not diagnosed in the ED and are inadvertently released home [5] [6] [7] [8] [9] . These studies have been small -usually including fewer than a dozen hospitals. They have also focused on the characteristics of patients who are more likely to have missed diagnoses of AMI: women younger than 55 years, patients who are not White, and those who present with atypical features of cardiac ischemia [7, 10, 11] . Additional research with a larger number of patients would yield more generalizable estimates.
Some patients hospitalized with AMI after a treat-andrelease ED visit likely represent missed opportunities for correct diagnosis and treatment [12] . Although the effects of missed AMI diagnoses are not completely understood, some studies have found a nearly two-fold increase in the risk of death [7] . Tracking rates of these missed diagnoses might allow providers to target specific patients and policy makers to target specific facilities for improvement. Furthermore, the ability to track missed diagnoses across a range of symptoms and problems would facilitate public health prioritization efforts to reduce misdiagnosis and mitigate harms [13] .
The purpose of the present study is to estimate the frequency of missed AMI or its precursors (e.g., unstable angina) in the ED by examining use of EDs prior to hospitalization for AMI. We focus on patients evaluated for chest pain or cardiac conditions within 1 week of hospitalization; these patients were the most likely to have missed opportunities for diagnosis and intervention that might have reduced their risk for AMI. We use administrative data from the Healthcare Cost and Utilization Project (HCUP) -a family of databases that encompasses inpatient discharge data for over 95% of visits to hospitals in the US [14] . We estimate the overall rate of missed diagnoses and examine the association between missed diagnoses and patient, ED, and hospital characteristics.
Materials and methods

Definition of misdiagnosis
Definitions and standards for describing diagnostic failures vary [13] . We defined misdiagnosis as a diagnostic error; that is, a diagnosis that is "missed, wrong, or delayed, as detected by some subsequent definitive test or finding" [15] . We focused on probable missed AMI using hospital admission with a discharge diagnosis of AMI as the subsequent definitive test. We looked back in time from these index admissions for patients whose symptoms were probably missed or misdiagnosed at a recent ED visit. We did not distinguish missed, wrong, or delayed diagnoses or differentiate between misdiagnosis and diagnostic error. Because we did not have detailed clinical data, we could not examine potential diagnostic process failures, preventability of the missed AMI, or potential harm resulting from the diagnostic procedure.
Study design
We conducted a retrospective, cross-sectional analysis of probable missed AMI using linked inpatient discharge records and ED visit records. We identified patients hospitalized for AMI in inpatient data. Then, we identified the patients who had been treated and released from an ED in the preceding 7 days in linked ED data. Data were prepared and analyzed consistent with Health Insurance Portability and Accountability Act (HIPAA) privacy rules as described below. This is a retrospective study using administrative data with synthetic person identifiers. No human subjects were involved in the preparation of this manuscript, and no IRB approval was required.
Data source
Our analysis used the 2007 HCUP State Inpatient Databases [16] , which is a census of inpatient discharge records, and the 2007 HCUP State Emergency Department Databases [17] , which is a census of hospitalaffiliated ED visits that did not result in hospitalizations. ED visits that resulted in hospitalizations are captured in the SID. We linked individuals in inpatient and ED settings of care using a synthetic person identifier that state data organizations had devised with each patient's personal information. Synthetic person identifiers can be used to track patients across hospitals and settings while satisfying strict privacy guidelines [18] . We included in the study the states with SID and SEDD data as well as reliable, encrypted person identifiers and race and ethnicity coding. The resulting data came from 9 states (Arizona, Florida, Massachusetts, Missouri, New Hampshire, New York, South Carolina, Tennessee, and Utah) comprising 797 EDs.
Study population
We included records of 111,973 patients aged 18 years and older who had an AMI index admission between February and December, 2007. We identified AMI admissions by using Clinical Classifications Software (CCS), which groups International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) codes by clinically meaningful categories [19] . We required patients have a principal diagnosis of AMI as determined by the CCS code 100. To adhere closely to the aforementioned definition of "diagnostic error", we excluded from the analysis patients who left the ED against medical advice ( < 1% of all AMI index admissions with a prior ED visit and 13% of AMI index admissions with a prior ED visit for cardiac symptoms). We also excluded patients with missing ZIP-Code-level income information (2.9% of AMI index admissions).
Variables
Missed diagnoses
Hospitalization for AMI following an ED visit does not necessarily indicate that an opportunity for diagnosis or treatment was missed. A patient's ED diagnosis could be unrelated to the subsequent AMI. To minimize this problem, we focus on patients who visited an ED with chest pain or cardiac conditions, were released from the ED, subsequently returned to a hospital within 0 to 7 days, and were admitted with a principal diagnosis of AMI. Patients were not counted in the category of missed diagnoses if, on their initial ED visit, they were admitted to the same hospital through the ED or transferred to another hospital. Consistent with previous studies [5] [6] [7] [8] [9] and to make a conservative attribution of the AMI to the earlier symptom, we applied a maximum cutoff of 7 days between the ED visit and an inpatient admission.
We based our list of cardiac conditions on those used in previous clinical studies and on preliminary examination of CCS codes. Using CCS codes for the first-listed diagnosis in the SEDD, we identified ED diagnoses preceding admission for AMI. Table 1 lists the ED diagnoses for patients with an ED visit within the prior 7 days of their AMI admission. About 70% of these patients were diagnosed with four cardiac conditions: (1) nonspecific chest pain (45.5%); (2) coronary atherosclerosis and other heart disease (15.4%); (3) congestive heart failure (5.4%); and (4) cardiac dysrhythmias (3.3%). Another 15% were diagnosed with other lower respiratory disease (8.9%) or abdominal pain (6.6%). All other conditions accounted for < 3% of the missed diagnoses. Although some ED visits for lower respiratory disease, abdominal pain, and other diagnoses may represent atypical presentations of heart disease, we restricted our definition of missed diagnoses to ED visits for the four cardiac conditions.
As a validation check to ensure coherence between our misdiagnosis construct and the results we report, we assessed the temporal profile of missed diagnoses and controls within the 7-day window prior to index admission for AMI. We hypothesized that revisits for symptoms designated as probable missed diagnoses would be clustered in the days immediately following an ED visit. We expected revisits for designated control symptoms (i.e., other lower respiratory disease, abdominal pain, esophageal disorders, syncope, other gastrointestinal disorders, essential hypertension, malaise and fatigue, dizziness or vertigo, or gastritis) to be more evenly dispersed across the 7-day period.
Patient characteristics
We categorized patients by age, sex, race and ethnicity (non-Hispanic White, non-Hispanic Black, Hispanic, other non-Hispanic), and expected primary payer (private insurance, Medicare, Medicaid, other insurance, uninsured). We also classified patients by the national quartile of median household income based on the patient's ZIP Code. We used Elixhauser Comorbidity Software to adjust for patient comorbidities [20] .
Facility characteristics
We assigned hospital and ED characteristics based on the facility that initially treated the patient for AMI symptoms. For patients with an ED visit prior to the AMI admission, we used the characteristics of the ED that treated and discharged the patient. For patients without a previous ED visit, we used the characteristics of the admitting facility. Facility-specific characteristics included: (1) region (Northeast, Midwest, South, West); (2) population size (large metropolitan area, small metropolitan area, micropolitan area, and rural area); (3) hospital ownership (public, private not-for-profit, private for-profit); (4) the availability of a cardiac catheterization lab, as reported to the American Hospital Association; and (5) the facility's teaching status (teaching or non-teaching). A teaching facility was defined as having an approved American Medical Association accredited graduate medical education program, being a member of the Council of Table 1 Emergency department diagnoses among patients released from an emergency department in the week before hospitalization for acute myocardial infarction. Teaching Hospitals, or having a ratio of full-time-equivalent interns and residents to beds that was 0.25 or higher.
CCS
Facility volume characteristics
We characterized hospitals according to the volume of patients seen in the ED and inpatient settings. To assess volume, we divided into tertiles: (1) total volume of ED visits during the year, (2) the proportion of patients admitted to an inpatient setting from the ED, and (3) the annual occupancy rate as reported to the American Hospital Association.
Visit characteristics
We also accounted for visit-specific characteristics in the analyses. These included: (1) visit occurrence on a weekend or weekday; (2) visit occurrence during the first half (July-December) or second half (January-June) of the traditional resident training year; and (3) the relative ED volume on the day of the visit. We calculated relative ED volume as the total number of visits to the ED on the day of the patient's visit, divided by the maximum number of visits to the ED on any day during the year.
Hospital disposition
We examined rates of mortality for patients with and without a missed diagnosis of AMI based on the patient's discharge disposition.
Statistical analysis
We performed statistical analyses using SAS (SAS Institute, Inc; Cary, NC, USA) statistical software Version 9.2. We used hierarchical multilevel modeling [21] [22] [23] to examine the likelihood of missed diagnoses, adjusting for patient and facility characteristics. We fit the simplest form of a hierarchical model using SAS PROC GLIMMIX, where we investigated patient visits nested within the EDs. We also included hospital fixed effects to control for unobservable characteristics, such as ED technology, infrastructure, culture, personal biases, and other factors that could not be measured directly at each ED. Figure 1 displays the results of the temporal profile analysis of probable missed diagnoses and controls. As hypothesized, treat-and-release ED visits for missed diagnoses were clustered in the few days before the hospital admission for AMI. In contrast, visits for control symptoms were more evenly distributed throughout the 7-day period. Table 2 displays the descriptive characteristics of the patients with missed diagnoses in the ED and patients with AMI and no ED visit for chest pain or a cardiac condition within the previous 7 days. We identified 993 patients (0.9% of all AMI admissions) with missed diagnoses. State-level estimates ranged from 0.29% to 1.96%. Compared to patients without a preceding ED visit for a cardiac condition, patients with missed diagnoses were younger; more likely to be Black; less likely to be Hispanic; more likely to have private insurance, Medicaid, or no insurance; more likely to reside in areas with the lowest household incomes; and less likely to die in the hospital. There were 15 significant differences in comorbidities between patients with and without missed diagnoses; of these, 13 comorbidities were more common in patients who did not have missed diagnoses. Also, most patients with missed diagnoses were seen at non-teaching hospitals and visited EDs without cardiac catheterization capabilities. Table 3 displays the estimates, odds ratios (ORs), and probability values from the hierarchical model of missed diagnoses. Compared to younger patients, older patients had lower odds of missed diagnoses (aged 45-64 years, OR = 0.70, p = 0.001; 65-74 years, OR = 0.61, p < 0.001; 75+ years, OR = 0.49, p < 0.0001). Compared to White patients, Black patients (OR = 1.31, p = 025) and patients identified as other races or ethnicities (OR = 1.45, p < 0.005) had higher odds of missed diagnoses. The odds of missed diagnoses were 20% lower for patients covered by Medicare compared to those who were privately insured (OR = 0.80, p = 0.04). However, the associations between missed diagnoses and expected payers (other than Medicare), household income, and most comorbidity characteristics were not significant when other demographic and clinical conditions were controlled.
Results
The odds of missed diagnoses also varied with facility and visit characteristics. Hospitals in the Midwest had more than twice the odds of missed diagnoses as hospitals in the Northeast (OR = 2.17, p = 0.0003). Compared to hospitals in large population centers, those in areas of between 10,000 and 50,000 residents (OR = 1.97, p < 0.0001) and those with < 10,000 residents (OR = 1.86, p = 0.0002) demonstrated higher odds of missed diagnoses. The odds of missed diagnoses were about 80% lower for facilities with available cardiac catheterization laboratories (OR = 0.19, p < 0.0001). Teaching hospitals had lower odds of missed diagnoses compared to non-teaching hospitals (OR = 0.60, p = 0.0002). EDs that admit a higher proportion of patients to the hospital had about 85% lower odds of missed diagnoses (highest category, OR = 0.15, p < 0.0001) compared to hospitals with lower admissions from the ED. Hospitals with high occupancy rates (OR = 0.63, p < 0.0001) demonstrated lower odds than those with low occupancy. ED visits in January through June had lower odds of missed diagnoses than visits in July through December (OR = 0.69, p < 0.0001).
Discussion
We retrospectively evaluated patients who presented to an ED with chest pain or a cardiac condition and for whom an AMI diagnosis was confirmed on an inpatient admission within 1 week -that is, those who had a probable missed diagnoses in the ED. Our study indicates an overall rate of 0.9% for missed diagnoses of AMI. This rate is lower than the 2% rate reported in recent decades [6] [7] [8] , and it is considerably lower than earlier estimates of 3.8% in 6 U.S. hospitals [5] and of 7.7% in an Israeli hospital [24] . Differences could reflect progress in cardiac care over time or methodological differences in the studies. We used a conservative approach by including only a few symptoms as suspected misdiagnoses and leaving others (e.g., esophageal disorders, abdominal pain) uncounted. Some of these uncounted patients may have had missed AMI diagnoses. Also, our study could only count patients who subsequently were hospitalized for AMI within 7 days. Therefore, we would have missed patients who did not seek further medical care, sought care more than 7 days later, sought care in another state, or who died of AMI at home. Inpatient mortality was lower among those with missed diagnoses, which could imply that missed diagnoses presented with less extensive disease than those who were not missed. Although previous studies with prospective clinical data could track and identify AMIs in all patients, the total numbers of patients were limited relative to those included in the HCUP data. Thus, our findings are substantially more robust with regard to subgroup analyses of demographic and facility characteristics.
Younger patients and Black patients experienced higher odds of missed diagnoses than older and White patients, respectively. These findings are consistent with previous studies suggesting that patients' demographic characteristics influence diagnosis [13] and treatment [25] . Black patients have a higher risk for coronary artery disease [26, 27] , which should lead to a heightened awareness of cardiac symptoms. However, these patients are more likely to present with atypical symptoms, which may increase the odds of missed diagnoses. Young patients may receive a missed diagnosis because they are viewed as unlikely to have AMI -similar to missed diagnosis in young patients who have a stroke [13] . These findings underscore the need for clinician education in care of patients with lower baseline prevalence of AMI and atypical presentations. Hospitals in locales of fewer than 50,000 residents demonstrated higher odds of missed diagnoses than hospitals in larger population centers. Resources, including medical staff and modern technologies, are more limited in smaller areas [28] , which could affect diagnostic accuracy. For example, hospitals with cardiac catheterization facilities demonstrated lower odds of missed diagnoses. In addition, missed diagnoses were less likely to occur in teaching hospitals. Teaching hospitals may have more ready access to cardiologists and diagnostic tests that support the accurate detection of AMI, and medical students and residents may encourage the application of evidence-based algorithms and clinical decision support software. It should also be noted that missed diagnoses happened less often from January through June (which corresponds with the second half of the traditional residency training year) than from July through December. Further investigation of the interaction between the ( Table 3 Continued) timing of ED rotations for residents and missed diagnoses is warranted. Another explanation may be the preponderance of summer and winter holidays during July through December, which may attenuate ED effectiveness. In our analyses, we did not find that EDs with high volumes missed fewer diagnoses, as previously reported [9] . However, hospitals with higher proportions of admissions from the ED and higher occupancy were less likely to miss diagnoses. These findings may be tautologicalfewer diagnoses are missed because more patients with chest pain are admitted from the ED to the inpatient setting. Alternatively, this may suggest that busy hospitals that are oriented toward emergency care, rather than elective and direct admissions from physician offices, are less likely to miss diagnoses in the ED.
Implications
Although diagnostic errors -including missed, incorrect, or delayed diagnoses -are common [12] and can be devastating and costly for patients [13] , they have received relatively little attention and study from the patient safety community [15, [29] [30] [31] . The rapid pace and short duration of observation may make patients in EDs particularly vulnerable to diagnostic error. Missed diagnoses in the ED often result in additional acute care services along with repeated testing, delays in appropriate treatment, increased mortality [32, 33] , and more dollars recovered in malpractice suits than any other medical error [34] [35] [36] [37] .
Extensive previous research on missed diagnoses has focused on clinical reasoning and provider-related causal factors. Contributors to diagnostic error include gaps in provider knowledge or memory (e.g., the ability to recall a similar case), mistakes in judgment, fatigue, poor referral choices, incomplete history-taking, misinterpretation of laboratory tests, and provider overconfidence [36, [38] [39] [40] [41] [42] . Cognitive [43] and system-related interventions [44] to reduce the likelihood of diagnostic errors have also been examined.
Because of the complexity of recognizing and analyzing missed diagnoses, they are not monitored regularly, and new methods are needed to detect and track these events [15, 45] . It is probably not possible to eliminate all missed diagnoses [46] ; however, measuring and monitoring their incidence across EDs could help administrators identify ranges of acceptable missed diagnosis rates and target training for facilities with extreme rates. Knowledge about variation in missed diagnoses across populations should help health care teams identify patients who are most vulnerable to these events. Previous work showed that hospital administrative data can be used to identify missed diagnoses of stroke in EDs [13] . The present study demonstrates that rates of missed diagnoses in the ED before an AMI may also be calculated using hospital data. This approach may prove to be generalizable across symptoms (at least for acute diseases), which could lead to missed diagnosis dashboards and prioritization of clinical symptoms, conditions, or populations at greatest risk.
Based on our findings, non-teaching hospitals without cardiac catheterization facilities that are in less-populated locales might benefit from tracking rates of missed diagnoses before AMI. If the results are high, these hospitals may want to review their diagnostic protocols, including standardized triage, serial electrocardiogram (ECG), and troponin testing [47] . Tools to aid in ECG interpretation are known to be effective in improving evaluation and potentially reducing errors [48] . Facilities without cardiologists may consider access to specialists through telemedicine links for help with diagnosis and treatment [49] . In addition, efforts to reduce the number of patients leaving emergency departments against medical advice when presenting with cardiac symptoms may help improve diagnosis of AMI.
This study has limitations. First, we used a crosssectional analysis, which determines associations but not causality. We also lacked granular clinical data, so some of our missed cases were likely coincidental. Second, administrative data cannot reveal clinical detail. We used ICD codes as a surrogate for presenting symptoms, which might lead to some miscoding or misclassification, although two thirds of the missed cases were coded as non-specific chest pain at the initial visit. Furthermore, potentially useful data such as ED triage level were not available in the study data, and the reporting of secondary diagnoses on ED records is limited. Third, a retrospective approach cannot account for patients who are lost to follow-up (including those who died after discharge from the ED), which would underestimate the number of potentially missed diagnoses. In addition, a hospital admission does not necessarily indicate that a correct diagnosis was made. Some patients who had AMI diagnoses that were missed in the ED might have been admitted for a wrong diagnosis, which would underestimate our rate of misses in the ED. Conversely, planned admissions for patients returning to the hospital in the event of intensifying symptoms would overestimate missed diagnoses in this study. Fourth, we focus on available hospital and ED measures; staffing and workflow measures would provide a more complete analysis. Nevertheless, the fixed effects employed in this model adjust for unobservable factors related to hospital environment, culture, and personnel. Finally, this work is based on data from 9 states and is not generalizable to all states. Despite these limitations, this study remains the largest on missed diagnoses associated with AMI to date, including nearly 112,000 patients and 797 hospitals.
Conclusions
Missed diagnoses are complex, costly, underemphasized, and difficult to detect. There is a need to increase recognition of these events. Our results reinforce previous findings that AMI diagnosis is missed in a small percentage of visits to EDs when the patient has cardiac symptoms. The results suggest that the likelihood of missed diagnoses is related to both patient and ED factors, especially the patient's age and race and the facility's resources for detecting AMI.
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